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ABSTRACT. Results of an 1.1 yr study of the growth and survival of planted northern red oak {Quercus
rubra L.} seedlings (2-0 bare-root) are presented. More than 4,000 seedlings were planted under
shelterwood overstories that were harvested 3 yr after planting. Results are expressed as planted-tree
dominance probabilities. Dominance probability is the probability that a planted tree will live to attain
a favorable competitive position (i.e., at least 80% of the mean height of dominant competitors) at a
specified year. We interpret the resuiting probability as a measure of the competitive capacity of an
individual seedling, i.e., its potential of attaining dominance in a specified environment. Based on
logistic regression analysis, dominance probabilities increase with time after shelterwood overstory
removal for any given environment and initial seedling characteristics. At any specified time,
dominance probabilities depend on initial seedling basal diameter before planting (stem caliper 2¢cm
above the root collar), site quality, intensity of weed control, and shelterwood percent stocking.
Dominance probabilities increase with decreasing shelterwood stocking, increasing initial stem
caliper, and increasing intensity of weed control. Other factors being equal, top clipped seedlings have
higher dominance probabilities than unclipped seedlings. The reciprocals of the dominance probabili-
ties provide silviculturally useful estimates of the numbers of trees that would need to be planted to
obtain, on the average, one competitively successful tree. For example, if clipped seedlings averaging
6 mm in caliper were planted where oak site index was 24 m, shelterwood stocking was 80%, and the
site was given no weed control before or after planting, obtaining one competitively successful tree
11 yr after planting (8 yr after shelterwood removal) would require planting 144 seedlings. Otherfactors
remaining the same, increasing initial caliper to 22 mm would require planting only 5 trees to obtain
1 competitively successful tree. For the same size (22 mm) and type of seedling planted on site index
18 m under a shelterwood at 40 to 60% stocking and given two weed control treatments, only 1.4trees
would need to be planted. Results emphasize the sensitivity of competitive capacity, and thus the
silviculturai potential, of ptanted northern red oaks in the Boston Mountains of Arkansas to the joint
effects of field environment and initial seedling characteristics. For. Sci. 48(3):504-517.
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AKS ARE KEYSTONE SPECIES in the forests of the eastern

United States. Qak-dominated forests represent 51%

of the eastern U.S. forests including 49.8 million ha
of oak-hickory forest, 19.3 miilion ha of oak-pine forest, and
12.1 million ha of oak-gum-cypress forest (Forest Maps of
the United States RPA Program 1993). In addition to their
value to society for wood products, oaks produce acorns that
are an important food source (Martin et al. 1951, p. 308) for
over 100 wildlife species (Van Dersal 1940). Fluctuations in
wildlife populations such as these often follow fluctuations in
oak mast production (Nixon et al. 1975, Wentworth et al.
1990, McShea and Schwede 1993).

Early in the 20th century, regeneration of oak was not
perceived as a problem. However, according to Lorimer
(1989), “by the 1970s, oak regeneration was recognized as
one of the most serious silvicultural problems of the eastern
United States.” The decline of oak as a dominant species in
eastern forests has altered species composition of many
stands (Johnson et al. 1973, Cho and Boerner 1991, and
Shotola et al. 1992). For instance, in an old-growth mixed
mesophytic forest in Indiana that was protected from fire
since 1926 and in which every tree 210 cm dbh had been
periodically stand mapped, a dramatic shift in the regenera-
tion pool had occurred by the late 20th century. In 1926,
regenerating oak (from 10 to 25 cm dbh) represented 14%,
and sugar maple (Acer saccharum Marsh. } represented 12%
of standing biomass in that diameter range. However, by
1992, oak represented only 1%, and sugar maple had in-
creased to 43% (Spetich and Parker 1998). There are also
many other examples of the successional displacement of oak
(e.g., Abrams and Downs 1990, Dodge 1997, Shotola et al.
1992, McGee 1986, Johnson et al. 1973).

Although northern red oak can be planted in clearcuts,
dominance probabilities are lower there than in shelterwoods.
Johnson (1989) found that only 37% of half-inch caliper
seedlings planted in Missouri clearcuts would be competi-
tively successful 8 yr after planting. However, 61% of those
planted under a shelterwood and released 3 yr later would be
competitively successful 8 yr after planting. The 3 yr period
between planting and final overstory removal in the
shelterwood allows seedlings to recover from lifting and
planting shock and to develop more substantial root systems
(Dey and Parker 1996, 1997b) before competition becomes
prolific.

Planting oaks under shelterwoods offers an important but
often overlooked tool for maintaining -and restoring oaks in
eastern forests. Studies in several regions have demonstrated
the potential usefulness of the method (Dey and Parker 1996,
1997a, Johnson 1984, Weigel and Johnson 1998a, 1998b,
2000, Teclaw and Isebrands 1993a, 1993b). However, the
long-term success of this planting method depends on the
growth and survival of planted trees relative to competing
vegetation, i.e., their competitive capacity.

We define a'tree’s competitive capacity as its ability to
_ survive and grow at a rate sufficient to attain and maintain
dominance among its competitors. The concept is applied
to northern red oaks that have been planted among existing
trees and other naturally occurring forest vegetation. Com-

petitive capacity is quantitatively expressed as the prob-
ability that a planted tree will attain dominance among
competitors after a specified period. These probabilities
take into account a planted tree’s initial characteristics
together with its growing environment. The latter includes
site quality and environmental changes resulting from
silvicultural practices such as weeding and thinning be-
fore and after planting. To be silviculturally useful in this
context, the derived probabilities must reflect potential
changes in the relative competitive position of both the
planted trees and the competing naturally regenerated
trees. The relative competitive position among species and
individual trees changes over time (through succession),
and rates of change may vary among ecosystems. Out-
comes of the interspecific competition between planted
trees and natural vegetation occur as a function of site
factors, associated differences in growth rates of co-oc-
curring species, the genetics of plant populations, and the
state of the vegetation complex when silviculturally pre-
scribed or naturally imposed disturbances occur. The com-
petitive capacity of a species, therefore, may vary as those
factors vary in time and space. The objective of this study
was to evaluate the competitive capacity of northern red
oaks planted under shelterwoods from which they were
released 3 yr after planting.

We evaluated the competitive capacity of these planted
oaks through logistic regression. The full power, versatility,
and relevance of logistic regression to analyze dichotomous
data first gained recognition in the 1960s (Hosmer and
Lemeshow 1989, p. vii). Since then, researchers have utilized
this method to examine everything from human health issues
to the growth and survival of naturally regenerated trees
(Lowell et al. 1987). Here we use it to examine growth and
survival of planted irees,

Methods

Site Description

Northern red oak seedlings were planted in five upland
hardwood shelterwood stands in the Boston Mountains on the
Buffalo Ranger District of the Ozark National Forest in
northern Arkansas. These sites were located on north and
northeast facing mountain slopes and benches (Graney 1977),
the most difficuit sites to regenerate oak (Graney and Rogerson
1985, Sander and Graney 1993, Graney and Murphy 1997).
The mountains are an uplifted peneplain surface that has been
dissected through the process of erosion. These mountains
consist of mountaintops that are relatively level to gently
rolling, while mountainsides are an alternating series of steep
slopes and gently sloping benches (bench and bluff topogra-
phy). This is the southernmost lobe of the central hardwood
region (Merritt 1980, p. 108) and the Boston Mountain
Section (M2224) of the Hot Continental Division (220} of
Bailey’s ecoregions (Bailey et al. 1994),
Plot Establishment, Study Variables, Site Character, Plant-
ing Stock and Treatmnents

A total of 4,320 2-0 seedlings, which were undercut the
first year in the nursery, were hand-planted with a mattock
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in early April, 1987, ata 2.4 x 2.4 m spacing in a split-split
plot experimental design with five replicates (locations).
However only 4,128 seedlings were available for study
because of the loss of two main plots. Site index for red
oaks (northern red and black oaks) ranged from 18.3 to
24.1 m at 50 yr based on indirect estimation from soil and
topographic factors (Graney 1977). Planted trees and com-
petitors were measured after the first, third, fourth, sixth,
eighth, and eleventh growing seasons. This article summa-
rizes the 11 yr performance (8 yr free of the shelterwood)
of planted trees.

Designed study variables fall into two categories: (1)
those related to planting environment, and (2) those re-
Jated to nursery production. The former include initial
harvest residual overstory density (expressed as stocking
percentage) and weed contro} treatments. The latter in-
clude time of lifting and shoot clipping. The study also
incorporated four local seed sources. The designed study
variables included three overstory densities, three weed
control treatments, three shoot clipping treatments, two
seedling lifting times, and four seed sources and are
described in detail in Table 1.

Plots were located on predominantly north to northeast
facing aspects. Each plot was marked for thinning to a
randomly selected residual stocking level (from among
40, 60, and 80% levels) with the objective of thinning from
below. This was accomplished by marking trees for thin-
ning beginning with the smallest diameter trees (> 3.9 cm)
and progressively moving to larger diameter trees until the
prescribed stocking level was obtained and a relatively
uniform canopy of residual trees remained.

Prior to thinning, the mean overstory characteristics
consisted of 1,095 trees/ha, 27.3 mZ%/ha of basal area, a
quadratic mean stand diameter of 18.0 ¢cm and 93% stand
stocking. After thinning: the number of trees/ha were 168,

282, and 566 for the 40, 60, and 80% stocking treatments
respectively; basal areafac was 13.1, 19.5, and 24.1 m%/ha
for the 40, 60, and 80% stocking treatments respectively;
and quadratic mean dbh was 32.0,30.2,and 24.1 cm for the
40, 60, and 80% stocking treatments respectively.

All trees were felled with a chainsaw during the fall of
1986. Stumps of overstory trees removed in thinning were
sprayed with herbicide during December 1986, and Janu-
ary 1987, on all plots designated for one (W1) or two (W2)
weed control treatments (see Table 1). During March
1987, the first herbicide treatment was applied. At that
time, woody stems 230 cm tall were cut and treated.
Naturally occurring oaks were treated as any other com-
petitor during weed control treatments.

Acorns were collected in fall of 1984 from 4 local
stands in the Ozark National Forest. Stands were no larger
than 64.7 ha and were at least 8 km apart. Within each
stand acorns were collected from at least 5 parent trees. No
fewer than 2,500 acorns were collected from each stand.
Viability estimates were made of each set of acorns so that
at least 2,000 sound acorns were obtained. After nursery
planting, all seedlings were undercut June 21, 1985 (first
growing season) with a Fobro lkifting machine with the
blade set to a 15 cm depth. After lifting but before planting,
taproots and lateral roots of all seedlings were pruned to a
common length of 20 cm. Lifting and shoot clipping
descriptions and dates can be found in Table 1.

Trees were hand-planted with mattocks by a six-person
crew during the period March 30 through April 9, 1987.
Nursery stock was removed from cold storage on an as-
needed basis.

The second herbicide treatment (W2) and the final
overstory removal were applied during the winter of 1990.
Cut stems of all overstory trees were treated with herbicide
(see Table 1 for details).

Table 1, Designed study variables defined {independent variables}. The dependent variable is the dominance probability that a planted
tree will live to attain a favorable competitive position {i.e., at least 80% of the mean height of dominant competitors) ata specified year.

Variable category Tndependent variable name (design level)

Variable description

Preharvest overstory stocking—
stocking after thinning from

Planting environment

below (shelterwood creation) (main plots)

Planting environment Weed control treatments (main plots)

Nursery production Shoot clipping treatments {subplots)

Nursery production Time of lifting (subplots)

Nursery production Seed source (sub-subplots)

Three levels: shelterwoods were thinned to 40, 60, or 80%
stocking (D40, D60 or 1380, respectively) before planting. The
overstory was removed 3 years after planting.

Three levels: (1) W0-—control*; {2) W1—one-herbicide
treatment (the winter before spring planting) + mechanical
weeding (trees 230 cm [1 fi] tall were cut the winter before
overstory removal); {(3) W2—two-herbicide treatments. In
both W1 and W2, the first herbicide application (Tordon LO1R
or Roundup) was applied to stumps of cut overstory trees
(trees 23.9 cm dbh) and to cut stems of understory trees 230
crn tatl the winter prior to planting. In W2, the second
herbicide application (Garlon-4) was applied the winter before
overstory removal’ to cut stems of trees 230 om tall. _

Three levels; CO—shoots not clipped; C1—shoots clipped 20 cm
(8 in.) above the root collar in the fall (Nov.-Dec.) before
planiting; C2—shoots clipped 20 cm above the root collar in
the spring (Mar.} before planting.

Two levels: L1—seedlings lifted in November; L2—seedlings
lifted in March.

Four sources: collected from local stands distributed across the
Buffale ranger district of the Ozark National Forest

*  Stems 3.8 ¢m dbh not treated, however stems >3.8 cm dbh were cut with the overstory and treated with Roundup.

¥ Overstory shelterwood removal ocourred during the winter of 1989-1990.
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Measurements

In additionto the designed study variables, initial basal
stem diameter {caliper) of each seedling was measured 2
cmabove theroot collar to 0.1 mm. Initial caliper averaged
11 mm andranged from4 to 22 mm. Ateach remeasurement,
the height of the dominant (tallest) woody competitor was
measured to the nearest cm using a height pole on a 3.14
m? plot centered at every fourth planted tree location. We
define these as the competition plots. The dominant com-
petitor species, most abundant competitor species, and the
density of all tree reproduction 230 cm tall also were
recorded for each competition plot. All planted living trees
on all plots also received a height measurement to the
nearest cm using a height pole each measurement year.
Naturally occurring oak were aiso considered competitors
to the planted trees, receiving the same treatments and
measured as any other competitor.

Analysis

To assess the competitive status of planted oaks, we
compared their heights to those of dominant competitors in
years 6 through 1. We defined a successful planted tree as
one that attained at least 80% of the mean height of dominang
competitors (RHS80). Trees attaining that height typically
occupy a position of dominance or codominance. This ap-
proach thus integrates survival and growth responses into a
single measure of the proportion of planted trees that attain a
specificd relative height. We then estimated dominance prob-
abilities for individual trees using logistic regression. A
dominance probability is defined accordingly as the esti-
mated probability that an individual planted tree will survive
and attain 2 dominant or codominant crown position at time
y. This is our measure of competitive capacity. Probability
estimates were based on the RH80 success criterion.

Logistic regression was used to estimate probabilities for
dominance of planted norihern red oak, dominance of com-
petitors, and survival of planted trees. We used the model
building approach recommended in Hosmer and Lemeshow’s
(1989, p. 82) text onapplied logistic regression. Thereis also
an excellent summary of this method in Weigel and Peng
(2002). Logistic regression has beenused in studies to predict
growth and success of regenerated oak stems (Lowell et al,
1987), to estimate the contribution of planted hardwoods to
future stocking (Johnson and Rogers 1985), and to model
regeneration of oak stands (Dey et al. 1996).

Designed independent variables included three levels of
overstory stocking, three levels of weed control, three levels
of shoot clipping, two times of lifting seedlings, and four seed
sources (Table 1). Other independent variables included site
index, initial seedling caliper, and years since planting. The
~ dependent variable is the dominance probability, except in
the case of one model where it was the probability of survival.

-Although the observed value of the dependent variable is
binary (0 or 1) in logistic regression, the resulting probability
estimates are continous and restricted to the interval O to 1.
To prepare for fogistic regression analysis, each tree was
assigned either 1 (successful} or ¢ (unsuccessful). For ex-

ample, dominance probability (competitive capacity) suc- .

cess was based on the RHBO criterion above, where trees

2RH80 were coded | and those < RH80 were coded 0.
Mortality of an individual stern prior to the measurement ye:r
was also considered a failure.

For categerical independent variables, standard logistic
regression dummy variables were used (Hosmer and
Lemeshow 1989), For instance, because there were three
weed control treatments, two dummy variables were needed,
where the no weed control (W0) was coded 0, 0; one weed
control (W1) was coded 1, 0; and two weed control treat-
ments (W2) was coded 0, 1. For categorical variables with
only two outcomes, only one dummy variable was used,
coded either O or 1.

To evaluate logistic regression model performance, we
selected predictors with a P value of 0.05 or less based on the
chi-square distribution with one degree of freedom. We used
the Hosmer-Lemeshow goodness-of-fit statistic (Hosmer
and Lemeshow 1989, p. 140} to test the null hypothesis that
the equation described the data. For Hosmer-Lemeshow,
goodness-of-fit P values of 0.05 or less (indicating a poor fit
of the equation to our data), the null hypothesis was rejected.
Itis therefore important to note that predictor £ values of .03
or less have a different interpretation than the Hosmer-
Lemeshow goodness-of-fit P values of 0.05 or less.

Results

Dominant Competitors :

Eleven years after planting, the mean height of surviving
planted trees averaged across all treatments was 3.1 m.
Regardless of overstory density and weed control treatment,
there were greater differences in height among dominant
competitors than among planted trees (Figure 1). Withineach
density treatment, variability of planted tree heights and the
difference between the heights of dominant competitor and
planted trees decreased as intensity of weed control in-
creased.

Five species were dominant competitors on 63% of the
competition plots (where competition plots are the 3.14 m?
plots centered on every fourth planted tree location): sassa-
fras (Sassafras albidum Nutt.), blackgum (Nyssa sylvatica
Marsh.), red maple (Acer rubrum L.), black cherey (Prunus
serotina Ehrh.}, and flowering dogwood (Cornus florida L.)
(Table 2). Four of these species-—tlowering dogwood,
blackgum, sassafras, and red maple (Table 3)—also occurred
as the most abundant competitor on 66% of the plots. Natural
oak reproduction represented 6.1% of the dominant competi-
tors and was the most abundant competitor on only 5.4% of
the competition plots.

Although flowering dogwood was the most abundant
competitor and ranked fifth in importance among dominant
competitors by the eleventh year (Table 2), its dominance
probability was relatively low (Figure 2a, Tables 4a and 4b).
In addition, its dominance probability decreased with in-
creasing intensity of weed control and decreased with in-
creasing site index. Dominarice probabitity of naturally oc-
curring oak decreased with increasing site index (Figure 2b,
Tables 4a and 4b). Probabilities were higher for lower
shelterwaod densities (40 or 60% stocking) than for the
higher (80% stocking) density.
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Figure 1. Mean eleventh-year heights of dominant competitors
and surviving planted trees by preharvest overstory density (D}
and weed control treatments (W) [see Table 1 for designed
variable descriptions). Vertical lines within bars are standard
deviations of mean planted tree heights. RHB0 represents 80% of
the mean height of dominant competitors and was used as the
criterion for defining planted tree success.

Mean heights of dominant competitors increased with
increasing site index, and differences among site indices
increased with time (Figure 3, Tables 4a and 4b). The tallest
competitor trees occurred on plots with no weed control
(W0). Mean heights decreased as intensity of weed control
increased from W0 to W1 to W2,

Dominance Probabilities—The Competitive Capacity of
Planted Trees

Eleventh year dominance probabilities for planted trees
varied with initial seedling caliper, site index, shelterwood
stocking level, weed control, and seedling clipping. Greatest
dominance probabilities existed on sites with the lowest site
index {18 m) thatreceived the 40 or 60% stocking shelterwood

treatment, for trees with the largest initial seedling caliper (22
mm), that had been top-clipped and planted in plots that had
received two weed control treatments. The lowest probability
of becoming a dominant tree existed on sites with the highest
site index (24 m) that received the 80% stocking shelterwood
treatment, for trees with the smallest initial seedling caliper
(4 to 12 mm), and that were unclipped seedlings that were
planted in plots that had received no weed control (Figure 4,
Tables 4a and 4b).

Three of the designed study variables (Table 1) were not
part of the model. These variables were seed source, time of
lifting, and time of clipping. They were not significant
predictors of dominance (P values > 0.05). Although time of
clipping was not a significant predictor, whether a seedling
was clipped or not clipped was significant.

The response surfaces in Figure 5 illustrate how domi-
nance probability increases with years since planting. This
increase in dominance probability over time is due to a
continuing decrease in the difference between height of
dominant competitors and the planted trees cccurring at a
more rapid rate than mortality of planted trees. Planted trecs
with the largest initial caliper consistently have the greatest
capacity to compete over time.

Survival Probabilities of Planted Trees

Survival of all planted oaks was 91% in year 6, 86% in year
8, and 70% in year 1 1. Most of the trees that died during this
period had an initial seedling caliper of <12 mm. In years 6,
8, and 11, trees with initial seedling calipers of <2 mm
accounted for 67, 73, and 73% of planted northern red oak
mortality, respectively.

Independent variables that changed with eleventh year
survival probabilities of planted northern red oak paralieled

Table 2. Percent of competition plots* in which a given species occurred as the dominant competitor {relative to
planted trees) in 1997 (11 yr after planting, 8 yr after shelterwood overstory removal). Weed control treatments WO,

W1, and W2 are defined in Table 1.

Stocking' = Stocking = Stocking =
40% 60% 80%
Species W0 W1 W2 W0 W1 W2 W0 Wi W2 Totals
Sassafras (Sassafras albidum Nutt.) 2 1 3 2 0 2 2 | 3 16.6
Biackgum (Nyssa sylvatica Marsh.) 1 2 1 2 2 2 2 2 2 153
Red maple (4cer rubrum L.} 1 1 2 1 3 1 2 1 1 12.5
Black cherry (Prunus serotina Ehrh.} 1 2 1 1 1 1 1 2 1 10.8
Flowering dogwood (Cornus _florida L.) i ! G 1 1 0 i 2 0 7.8
Carolina buckthom {(Rhamnus caroliniana Walt.) | 1 i 0 0 ¢ 1 2 0 6.5
Oaks'" (Quercus spp.) 0 1 i 0 1 1 1 ¢ 0 6.1
Hickories (Carya spp.) 1 1 1 0 0 0 1 0 0 47
Eastern hophornbeam (Ostrya virginiana Mill.) 0 0 0 0 1 2 ¢ 0 ¢ 37
Sumac (Rhus spp.) 1 0 1 0 ¢ 0 0 0 0 238
Sugar maple (Acer saccharum Marsh,) o 0 0 0 0 0 0 0 i 22
Paw paw (Asimina triloba [L.] Dun.) 1 0 0 1 0 0 0 0 0 20
White ash {Fraxinus americana L.) ¢ 0 ] 1} 0 0 0 0 0 1.9
Other? 0 1 1 i 1 1 1 0 1 7.0
Totals 116 116 114 93 117 11.7 117 11.7 93 10600

* Based on 1,027 plots, 3.14-m? in size, centered on every fourth planted tree.

T Represents percent stocking in the shelterwood phase.

11 Inciudes white oak (Quercus alba L), northern red oak (Quercus rubra 1.), and black oak (Quercus velutina Lam.).

¥ Speciesthatrepresent< 1.5% ofthe total and inchude: witch-hazel (Hamamelis virginiana L. ). Americanelm (Lifmus americana L), American beech {Fagus
grandifolia Ehth.), black locust (Robinia pseudoacacia L.), serviceberry (dmelanchier spp.), wild plum (Prunus americana Marsh.), redbud (Cercis
canadensis L.), hackberry (Celtis occidentalis L.), mulberry (Morus spp L), cucumber tree (Magnolia acuminata L.}, Ozark chinkapin {Castanea
ozarkensis Ashe), black walnut (Juglans nigra L.), umbrella magnolia {(Magnolia friperala L.), eastern redcedar (Juniperus virginiana L.}, and devii’s

walkingstick (Aralia spinosa L.).

508 Forest Science 48(3) 2002



Table 3. Percent of competition plots* in which a given species occurred as the most abundant competitor in 1997
(11 yr after planting, 8 yr after shelterwood overstory removali)

Stocking® = 40%

Stocking = 60%

Stocking = §0%

Species W0 W1 W2 wo Wl W2 WO Wi W2 Totals
Flowering dogwood 3 4 2 2 3 1 4 4 1 232
Blackpum 1 1 1 3 2 3 3 2 3 19.7
Sassafras 2 0 3 1 ] 2 1 1 3 12.7
Red maple 2 I 1 1 2 ! 1 | 1 10.7
Oaks' 0 i 1 (] 1 1 1 0 0 54
Black cherry 1 i ] 0 ] )3 0 1 0 44
Hickories 0 ] 1 0 0 0 0 1 0 34
Sumac 0 0 1 0 ] I ] 0 0 34
Carolina buckthorn 0 [ 0 0 ] 0 0 1 0 31
Eastern hophornbeam 0 0 0 0] 0 I 0 0 G 2.8
Sugar maple 0 0 0 ¢ ] 0 0 1 1 2.1
Paw paw l 0 0 1 0 0 (b 0 o 2.1
White ash 0 0 0 1 ] 0 o 0 0 2.0
Witch hazel 0 0 0 0 ] 0 0 0 0 L6
Other* 0 1 1 0 1 0 0 0 0 34
100.0

*  Based on 1,027 plots, 3.14 m? in size, centered on every fourth planted tree,

T Represents percent stocking in the shelterwood phase.
' Includes white oak, nonthern red eak, and black oaks.

¥ Species that represent <1.5% of the totaf and inclade; American elm, American beech, black locust, serviceberry, wild plum, redbud, mulberry, castern

redcedar, and tree huckleberry {Paccimium arborewm Marsh ).

those of the dominance probabilities mentioned above. Using
the Mann-Whitney rank sum test for the eleventh year after
planting, we found no statistical difference between no weed
control {(WQ) and one weed control (W1) (P value = (.091).
With this in mind, we illustrate the survival probabilities for
W0 and W2 only (Figure 6, Tables 4a and 4b). In relation to

Table 4a. Models and model parameter estimates.

the independent variables, both the highest and lowest sur-
vival probabilities paralleled that of the highest and lowest
dominance probabilities as described above. However, dif-
ferences between probabilities with respect ta predictors
(e.g., between weed control treatments, between site indices,
etc.) were much smaller. Survival probabilities decreased

Model Figure Parameter’ estimates’
number number Model* WO W1 W2 D40 D60 D80 CO Cl C2
1 2-a Pa= (1K1 + exp(—{-1.0615 — W - 0.0563
SH10MN) 0 0 -0.9967
2 2b P, = (l + exp(—(10.8661 + 176 x (1/ST) — 0.0388
x SIx DY) 0 0 1
3 3 CH, =~0.565+(0.0268 x ST x ¥YSP)+ W 0 0666 —0.942
4 485  P= L1 +exp({-1.133 + D+ W+ C —(1.192 x
STX (VICAL)) + (0.133 x ¥SP)))** 0 0628 1335 0 0 0728 0 0.206 0206
5 6 Ps= 141 + exp(~(5.033 + D + W+ C — (0.332 x
SIx (I/ICAL)) —(0.318 x YSP))& 0 —0.182 0495 0 0 0468 0 0141 0.14]

* Models L, 2, 4, and 5 are logislic regression models. Model 3 i5 a muhtiple linear regression.

Parameters are defined in Table 1.
1 See Table 4% for associated £ values, #, and Hnear Eegression statistics.
= the probability of naturai oak being a dominant competitor.

ouk

=CH_* 0350

f’ﬂ = the probability of flowering dogwoeod being a dominant competitor. 5§ = 1ed cak site index {m} (Graney and Bower 1971).
|

CH = mean height of dominant competitor in m, ¥SP = years since planting oak. The RE30 value used to determine success of each planted tree in model was caleulated as RHB0

* P,= the probabitity of planted oak equaling or exceeding 80% of the mean height of dominant competitors 1t yr after planting (8 yr after shelterwood removal). FCAL is the initial

caliper (mm} of the seedling as ¢ime of planting.

@ py=the probability of planted oak surviving 11 yr afler planting {8 yr after shelterwaod removal).

Table 4b. Hosmer-Lemeshow goodness-of-fit P values, logistic regression predictor P values and multiple linear regression values.

Goodness Multiple linear

Model of fit* Predictor  values' regression

number (P value) W ST SI*D SIx(VICAL) b C ¥SP R SE N
1 0.68 0.0014 0.0476 1,027
2 0.17 00001 0.0137 1,027
3 NA 0.85 0.524 129
4 0.738 <(.001 - <0.001 <001 <0001  <0.001 12,384
5. 0432 0.001 <0.001 <0.001  <0.001___ <0.001 12,384

* Goodness of fit. Based on the Hosmér-Lemeshow goodmess-of-fit statistic, differences between estimated probabilities and observed responses are not significant. Small £ values
designate a peor fit of the equation to the data while large values (>0.05) indicate a good fit. )
Y Based on the chi-square distiibution with one degree of freedom. 7 is site index in meters, YSP is years since planting, other predictor codes are defined in Table 1.
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Figure 2. (a) Probability of flowering dogwood as a dominant
competitor in 1997 {11 yr after planting and 8 yr after shelterwood
removal) in relation to site index im) and weed controi treatments
(WO = average of no control and once-treated; W2 = twice
treated). Based on logistic regression model number 1 (Tables 4a
and 4b). (b} Probability of accurrence of natural oak reproduction
{all species) as adominant competitor to planted oaksin 1997 {11
yr after shelterwood harvest/planting and 8 yr after shelterwood
removal} In relation to red oak site index {m) and shelterwood
density [in stocking percent); D40/60 = 40 or 60% stocking; D80
= 80% stocking. Based on logistic regression mode! number 2
(Tables 4a and 4b).

over time (Figure 6, Tables 4a and 4b). Survival was lowest
for seedlings of small initial caliper, given no weed control,
and where site index was highest.

As with dominance probabilities, three of the designed
study variables (Table 1) did not significantly contribute to
the model. Seed source, time of lifting, and time of clipping
were not significant predictors of survival (P values > 0.05).

Discussion

Simuitaneous measurement of planted trees and com-
petition over time and the rating of each individual planted
tree to its most serious competitor tells us that, although
there are many factors that affect planted tree success, the
joint effects of these factors can be expressed as a single
guantitative value. These dominance probabilities esti-
mated from logistic regression are a measure of the com-
petitive capacity of planted trees. Moreover, dominance
probabilities and their reciprocals integrate planting envi-
ronment, seedling quality, survival and growth into a
single silviculturally and ecologically useful expression.
This compels us to take a more holistic view of what
underplanting in heterogeneous forest environments is all
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Site Index wo

Mean Height of Dominant Competitors {m)

8 7 8 o 10 #
Years Since Planting

Figure 3. Mean heights of dominant competitors in relation to

years since initial shelterwood harvest/oak planting, site index

and weed contro! {W} treatments (W) = no weed control; W1 =

once treated; W2 = twice treated). Based on linear regression

model number 3 (Tables 4a and 4b).

about: being able to predict the outcome of the competitive
struggle between planted trees and other vegetation.

The concept of competitive capacity and the use of logistic
regression to compute dominance probabilities can be ex-
tended to other ecosystems and regions and can be used for
predicting the future dominance potential of natural as well
as artificial reproduction. Competitive capacity varies by
ecosystem, along environmental gradients, with site produc-
tivity, with different suites of competitors, with variation in
natural disturbance regimes or silvicultural systems, and by
species of interest.

Oak Ecosystems of the Boston Mountains

In oak ecosystems of the Boston Mountains, the predomi-
nant nonoak species grow rapidly and can occupy a substan-
tial portion of the growing space for 2 or 3 decades after
shelterwood removal. Species such as flowering dogwood,
sassafras, and eastern hophornbeam (Ostrya virginiana Mill.)
influence oak dominance probabilities because of their rapid
early growth and high stocking during the regeneration
period. These species lose their competitive advantage in
older stands because of their high mortality rates in develop-
ing stands or their limited height development potential.
However, they are able to persist from one generation to the
next as advance reproduction, ready to dominate growing
space made available by the next stand replacement distur-
bance. Though their dominance is relatively short-lived, they
caninfluence oak dominance probabilities in the long term by
limiting oak development and survival in the regeneration
period.

After 8 yr, the most abundant and frequently occurring
dominant competitor was flowering dogwood, representing
27.7% and 20.1% of trees, respectively. However, by the
eleventh year, dogwood ranked fifth as a dominant competi-
torat7.8% (Tables 2and 3). Asthe stands develop, this small-
stature tree will be increasingly relegated to the subcanopy.
Flowering dogwood is a persistent understory tree in these
forests due to its tolerance to shade. For instance, its maxi-
mum capacity for photosynthesis occurs at about one-third of
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Figure 4. Eleventh-year dominance probabitities for planted northern red oaks in relation to initial
seedling caliper, clipping, site index and weed control treatment. Based on logistic ragression model

number 4 (Tables 4a and 4b).

full suntight (Vimmerstedt 1965). Although its dominance
probability will continue to decrease as the main canopy
develops, it is likely to persist throughout the life of the forest.

Other important species such as sassafras, eastern
hophornbeam, and Carolina buckthomn (Rhamnus caroliniana
Walt.) also tend to rapidly drop out of the developing main
canopy due to high mortality or limited stature. Black cherry,
with its rapid early height growth, does not have theresilience
to withstand the frequent, periodic ice storms and summer
droughts of the Boston Mountains. These ice storms resultin
broken tops in black cherry trees, which usually do not
recover their height advantage. On site indices <23 m, black
cherry trees that do not succumb to ice storms lose vigor and
often die by age 20 or 30 yr. The dynamics of black cherry
competition in the Boston Mountains is a stark contrast to the
dominance potential and competitive capacity of black cherry
in the Allegheny Plateau Region (Marquis 1990).

The dominance probabilities of naturally occurring oak
(Figure 2b) (i.e., reproduction that became established after
the weed control treatment was applied or that was already
established and survived the treatment) are relatively low.
Natural oak reproduction dominance probabilities increase
by a factor of approximately 0. 10 where shelterwood density
is low (40% or 60%) and oak site index is low (18 t0.19 m).
In oak ecosystems of similar productivity (site index 18 m at
age 50), Schiesinger et al. (1993) found that reducing over-
story density to 40% stocking by shelterwood harvesting
significantly increased the abundance of large oak saplings,
of natural regeneration origin, 10 yr after the removal of the
shelterwood in the Missouri Ozarks. In the southern Appala-
chians (Loftis 1990), southwestern Wisconsin (Johnson et al.
.1989), and Boston Mountains (Graney and Rogerson 1985),

the long-term competitiveness of natural northern red oak
reproduction was increased through combinations of har-
vesting from below to create a shelterwood with control of
competing woody vegetation and stump sprouts. In the Mis-
souri Ozarks, Larsen et al. (1997) evaluated the regeneration
potential of oak species in forests harvested by the selection
regeneration method for over 40 yr and found that the
probability of abundant large oak reproduction increased
when overstory density was maintained at relatively low
stocking (e.g., 58%).

Operational metheds of treating competing woody veg-
etation can be designed so that the naturally occurring oak
advanced reproductions are not subjected to herbicide treat-
ment, as occurred in our study. This would allow more of the
oaks to persist and thereby increase their likelihood of attain-
ing dominance. In this study, however, shelterwoods without
any weed control (W0) had fewer naturally occurring oaks
because surrounding competitors also were not treated. For
instance, of all the competition plots, only 1.5%, 2.7%, and
1.9% of the no weed control (W0), one weed control (W1),
and two weed controls (W2) respectively contained naturally
occurring oak as a dominant competitor. The lower percent-
age in the WO treatment is likely due to greater competition.
Even though naturaily occurring oaks had been treated with
herbicide in W1 and W2, they still were more frequently the
dominant competitor. This is likely due to increased light
availability, allowing new oaks to become established and
surviving oaks to thrive. In mature forests of southwestern
Wisconsin, Lorimer et al. {1994) found that controlling tall
(1.5 min height) woody vegetation with herbicides increased
the abundance of natural reproduction of northern red oak
over that observed in undisturbed stands, and this difference
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Figure 5. Estimated dominance probabilities for planted northern red oaks in relation to initial seedling caliper,
clipping, site index, years since planting, and weed control treatment. Based on logistic regression model number
4 (Tables 4a and 4b).

was more pronounced as site productivity increased. Control
of understory competing woody vegetation and stump sprouts
ofundesirable species has also improved the competitiveness
of natural northern red oak reproduction on sites of good to
high productivity (site index 18 to 29 m) in the Missouri
Ozarks, the Driftless Area of Wisconsin, and the southern

Appalachians (Johnson et al, 1989, Loftis 1990, Schlesinger
et al. 1993).

Competitive Capacity of Planted Oaks

In the Boston Mountains of Arkansas, competitive
capacity, as estimated by dominance probability, for planted
northern red oak seedlings was highest when shelterwood
overstory stocking level was low (40% to 60% stocking),
understory woody competition was treated twice, site
quality was relatively low (18 m), and initial seedling
caliper was large (212 mm). Planted oaks had higher
dominance probabilities in the 40 and 60% stocking treat-
ments than the 80% stocking treatments (Figures 4 and 5).
Differences between the 80% stocking treatment and the
two lower stocking treatments are likely due to differences
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in understory light levels. In a study by Dey and Parker
(1997b), northern red oak seedlings planted in a
shelterwood were taller, larger in diameter, and had greater
root volume, area, and dry mass than seedlings planted in
an uncut, mature northern hardwood stand. They attrib-
uted the increase in growth and competitiveness to dra-
matic increases in light in the shelterwood over the ex-
tremely Tow light levels (i.e., 1% of full sunlight) in the
uncut stand. Loftis (1990) found that reducing initial basal
area by 20 to 40% benefited growth and survival of
northern red oak seedlings in the southern Appalachians.
In the Missouri Ozarks, Larsen et al. (1997), Schlesinger
et al. (1993) and Johnson (1984) observed that oak ad-
vance reproduction and underplanted northern red oak
seedlings had improved growth and were more competi-
tive when overstory density was reduced by harvesting to
40 to 60% stocking. Similar benefits of reduced overstory
stocking to oak regeneration success have been noted in
southwestern Wisconsin (Johnson et al. 1989). However,
shelterwood harvesting alone has not always resulted in
successful oak regeneration. Johnson et al. (1986}, Loftis
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logistic regression model number 5 (Tables 4a and 4b},

(19903, Schlesinger et al. {1993), and Lorimer et al. (1994)
emphasize the need to control competing woody vegeta-
tion in conjunction with harvesting to reduce overstory
density and that the level of overstory reduction should be
reduced with increases in site quality,

Two weed control treatments of competing understory
woody vegetation and initial control of stump sprouts
significantly improved the dominance probability of
planted northern red oak (Figures 4 and 5). One weed
conirol treatment at the time of shelterwood creation was
significantly better than no weed control treatment. Weed
control, in conjunction with overstory stocking reduc-
tions, has been shown to increase the survival and growth
of planted northern red oak and matural oak advance
reproduction in a variety of oak ecosystems from the
southern Appalachians to the Missouri Ozarks and the
‘southern Lake States (Johnson et al. 1989, Loftis 1990,
Schlesinger et al. 1993). Weed control of woody competi-

tors has been especially important to oak regeneration
success on higher quality sites. Control of taller (>1.5 m)
understory woody vegetation in mature, undisturbed for-
ests in southwestern Wisconsin provided some benefit to
northern red ozk advance reproduction, but growth gains
were modest in the absence of any reduction in overstory
density (Lorimer et al. 1994).

Site quality was significantly and negatively related to
dominance probability for planted northern red oak repro-
duction (Figures 4 and 5). Although competition is more
intense on higher quality sites, over time height differ-
ences between planted oaks and dominant competitors
changed in favor of the planted oaks. In the Boston Moun-
tains, site quality changes abruptly across the bench-and-
bluff topography (Graney 1977). A distance of 40 m may
encompass site index differences of more than 3 m as the
topography changes from concave inner benches to con-
vex outer benches. Dominance probabilities vary accord-
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ingly witia the outer benches more likely to produce a
dominant tree, Not only does increasing site index reduce
survival probabilities for small caliper trees (Figure 6), it
alsoreduces dominance probabilities over a wide range of
initial seedling calipers (Figure 4). Holding relatively
higher overstory stocking on higher quality sites has been
recommended to control the release of oak competitors
while attempting to increase light levels at the forest floor
for oak advance reproduction (Loftis 1990, Schiesinger et
al. 1993). However, in our study, the 80% stocking treat-
ment resulted in decreased survival and growth of planted
trees relative to the 40% to 60% stocking treatment, The
80% stocking treatment would probably have benefited
from a third weed control treatment. Differences between
these studies stress the importance of analyzing competi-
tive capacity in other ecosystems to account for differ-
ences in relative competitor relationships, species, envi-
ronmental conditions, silvicultural practices, planting
stock, genetics, productivity, and local climatic influ-
ences. For instance, the Loftis study recommended higher
stocking on higher site index sites mainly to control
yellow-poplar. However, yellow-poplar was not a com-
petitor in our study or in the Boston Mountains in general.

Dominance probabilities of planted northern red oak
increased significantly with increasing initial stem basal
caliper in both the good and high site quality stands
{Figures 4 and 5). Similarly, planting large diameter oak
seedlings has resulted in higher success rates in Missouri
and Indiana (Johnsen 1984, Johnson etal. 1986, Kazmarek
and Pope 1993, Weigel and Johnson 1998a, Weigel and
Johnson 1998b, Weigel and Johnson 2000). Increasing
competitive capacity with increasing shoot diameter is
likely related to root morphology and seedling quality. In
a comparison of shoot diameter, number of first-order
lateral roots, and shoot length, Dey and Parker (1997a)
found shoot diameter to be a good integrator of root system
characteristics and the best predictor of seedling field
performance of northern red oak underplanted in a
shelterwood. They found that basal stem caliper was sig-
nificantly correlated with root volume, area, and biomass.
Consequently, planting larger seedlings is often recom-
mended especially for species such as the oaks (Johnson et
al. 1986, Schultz and Thompson 1997, Kormanik et al.
1998). Planting oaks with large stem caliper and well
developed root systems takes advantage of oak’s regen-
eration strategy that involves development of large energy
reserves in the roots to support rapid shoot growth follow-
ing release from competing vegetation and overstory shade.
The current management problem is that the caliper of
conventional nursery grown bareroot oak seedlings is
highly variable and often smaller than minimum diameters
recommended by, for example, Johnson et al, (1986) for
planting in shelterwoods or clearcuts.

Shoot clipping increased dominance probabilities in planted
northern red oak, regardless of overstory siocking or weed
control treatments (Figure 4). Previous studies have demon-
strated that shoot clipping nursery stock improves survival
and height growth. In a study conducted in Missouri,
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Sander (1983) found better survival for clipped (91-96%
survival} than unclipped seedlings (63 to 71% survival) 5
yr after planting. Zaczek et al. (1997} examined northern
red oak outplanted in a clearcut and found that 2-0 stock,
undercut in the nursery and shoot-clipped at planting,
performed best, with a mean height of 3 m and 100%
survival after 6 yr. Fohnson (1984) found that shoot-
clipping significantly improved the performance of north-
ern red oak in Missouri Ozark clearcuts and shelterwoods.
However, other researchers have not found clear positive
effects from shoot clipping including Russell (1971, 1973,
1979}, Gordon et al. (1993) and Crunkilton et al. (1989).

The designed study variables: time of shoot clipping,
time of lifting, and seed source did not significantly
contribute to our models and therefore were not included
in them. Past research and/or recommendations indicated
that these variables could have significant impact on
growth and survival. For instance, Johnson et al. (1984,
1986), Johnson (1984, 1988, 1990), and Zaczek et al.
(1993) proposed that shoot-clipping be done near the day
of planting so that transport of growth regulators from
shoot to roots is given ample opportunity to occur. Time of
lifting was included in our study because of the advantages
that spring-lifted trees are purported to have. Pope (1993)
noted that spring-lifted trees are often in better physiologi-
cal condition than fall-lifted trees. Also, the fact that seed
source was not a significant variable in our models is
probably a result of the close proximity of our four local
seed sources.

Recommendations

Calculation of dominance probabilities for planted oak
reproduction has practical applications in determining the
planting densities needed to achieve a target stocking at some
specified future date. In this study, 32% of the planied
northern red oak had an initial caliper of 212 mm with a mean
caliper of that subpopulation of 14 mm. For D40/W?2 field
treatments on a site index of 18 m, the predicted dominance
probability for a 14 mm clipped seedling at year 11is0.58, If
seedlings of that average diameter were planted and the goal
was to obtain 250 competitively successful seedlings per ha
1 yr after planting, 428 seedlings per ha [i.e., (1/0.58)%250]
would need to be planted. For the same seedlings on site
indices 21 and 24 m, dominance probabilities of 0.52 and
0.46 indicate that 480 and 547 seedlings per ha should be
planted, respectively. However, if seedlings had an average
diameter of 6 mm for the D40/W?2 ficld treatments on a site
index of 18 m, the predicted dominance probability for a
clipped seedling at year 11is0.15, and 1,625 seedlings would
need to be planted to produce 250 dominant seedlings. For a
6 mm seedling under the same conditions, changing site
index to 24 m would result in 2 dominance probability of 0.05
and the need to plant 4,780 seedlings to produce the same
results. Therefore, initial seedling size and site quality will
have a significant effect on planting costs when costs are
expressed as dollars per competitively successful tree, Even
though large seedlings are more expensive to grow in the
nursery and outplant, the cost per competitively successful
planted tree decreases as initial seedling size increases. This



results from a rapid rate of increase in dominance probabili-
ties with increasing seedling caliper, which outweighs the
rate of increasing cost associated with increasing seedling
size. Therefore, a cost analysis of planting options should be
an integral part of an overall regeneration strategy.

The high cost of establishing successful oak plantings may
dictate limiting plantings to designated portions of stands.
Accordingly, plantings could cover a single contiguous area
of several hectares or be dispersed across several patches or
groups, each comprising a fraction of a hectare. The latter
method could be used in conjunction with the group selection
method (Murphy et al. 1993). In principle, this approach
would combine the objectives of shelterwood and group
selection methods into a silvicultural variant called the group
shelterwood method (Smith et al. 1997, p. 408). In applying
the method to oak planting, we propose that only a portion of
group openings created in any cene harvest cycle be planted.
Regardless of the silvicultural system used, concentrating
planting within designated areas (contiguous or dispersed)
minimizes herbicide or other site preparation costs associated
with planting.

Conclusions

This competition-centered approach to evaluate regenera-
tion potential integrates environmental influences and com-
petition relationships with survival and growth of desired
reproduction into a single silviculturally and ecologically
useful expression, i.e., competitive capacity. We interpreted
dominance probability as a measure of the competitive ca-
pacity of an individual seedling. This value is the seedling’s
likelihood of attaining dominance ina specified environment
at a specified future time. This concept may be useful in
determining planting strategies to meet forest planning ob-
jectives. Overall, it allows us to take a more holistic view of
what underplanting is all about: the ability to predict the
outcome of the competitive struggle between planted trees
and natural vegetation.

Through the use of logistic regression, we examined the
struggle between planted seedlings and their competitors,
and evaluated the importance of seedling size, site quality
and intensity of weed control to seedling success in order to
develop planting recommendations that could help breathe
new life into these forests. When planting northern red oaks
in the Boston Mountains one can maximize the likelihood of
their attaining dominance or codominance 11 yr after plant-
ing (8 yr after overstory removal) by: (1) planting large (e.g.
> 12 mm caliper), shoot-clipped seedlings, (2} planting under
shelterwoods thinned to 40 to 60% stocking, and {3) control-
ling competing woody vegetation, including stump sprouts
during early establishment similar to methods applied in this
study. Weed control treatments become more important on
high site index/quality sites.

Results from the present study indicate that the perfor-
mance of planted oaks (i.e., their competitive capacity)
relative to the developing competition is partially dependent
on site quality. At low site indices, potentially long-lived
competitors such as maples, white ash (Fraxinus Americana
L.}, and black cherry often occur during the early stand

development stage. However, they are less likalv 0 persist
there than the comparatively drought-1oi .
quality sites, the dominance probability of competitors
increases, i.e., they have a higher competitive capacity,
which causes subsequent decreases in the dominance of oak,
unless weed control is applied.

In this study, natural oak reproduction rarely occurred as
dominant trees 8 yr after shelterwood removal, especially on
higher guality sites. However, many forests in the east are
now managed using single tree selection, which provides less
growing space and light at the forest floor than is provided in
a shelterwood environment. This suggests that, under stand
conditions now characteristic of the region, widespread fail-
ures in natural oak regeneration are likely occurring.

Loss of oak dominance in this and ecologically similar
regions may largely be related to the exclusion of fire that
previously acted to reduce competition and favor oak
species. Oak planting by methods similar to those used in
this study may provide a viable silvicultural alternative for
maintaining oaks on at least some sites where they are
threatened by successional displacement in the absence of
fire. Mianagers that currently use prescribed fire in similar
forests may be able to eliminate the cost and necessity of
herbicide application by using several periodic fires to
reduce competing vegetation in conjunction with
shelterwood harvesting, weeding, or thinning.

Despite uncertainties in future stand development, elev-
enth year dominance probabilities provide a measure of
planting success during the early stem exclusion phase
that we term “competitive capacity.” Current results con-
firm that overall survival is high. For initially large seed-
lings planted under shelterwoods at 40 to 60% stocking
and given adequate weed control, a substantial proportion
of planted trees can be expected to occupy crown positions
favorable to their long-term survival and growth. Domi-
nance probabilities are quite useful in estimating planting
densities needed to achieve a target stocking by species as
they vary by the combination of environmental condi-
tions, silvicultural systems and planting stock characteris-
tics, which are set by the manager.

Repardless of species or reproductive origin, the concept
of competitive capacity can be used to assess regeneration
success in any region by determining dominance probabili-
ties based on comparisons of the reproduction and its compe-
tition, environmental factors such as site productivity, mor-
phological characteristics of the desired reproduction {(i.e.,
height and stem diameter), measures of stand structure and
stocking. They can be derived for specific silvicultural prac-
tices and systems and for given ecosystems. The specific
dominance probabilities developed in this study should be
used with caution outside of the Boston Mountains and if the
silvicultural practices differ from those applied here. Similar
trends in dominance probabilities with changing site quality,
overstory stocking, and size of planting stock have been
observed in other oak-dominated ecosystems throughout the
east. However, oak ecosystems within the range of such
competitors as yellow-poplar (Liriodendron tulipifera 1..)
have significantly different competitive relationships that
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drasticaily alter the competitive capacity of oak from that
which we observed in the Boston Mountains. Our methods
can be used to develop ecosystem-specific measures of
competitive capacity and dominance probabilities through
conirolled studies such as ours,

Literature Cited

Asrams, M.D., anp LA, Downs. 1990. Successional replacement of old-
growth white oak by mixed mesophytic hardwoods in southwestern
Pennsylvania. Can, J. For. Res. 20:1864-1870.

Baiwey,R.G.,P.E. Avers, T. King, W.H. McNag (ens.). 1994. Ecoregions and
subregions of the United States {map). Washington DC: U.S. Geological
Survey. Scale 1:7,500,000; colored. Accompanied by a supplementary
table of map unit descriptions compiled and edited by McNab, W.H., and
Bailey, R.G. Prepared for the USDA Forest Service.

Cuo, D5, anp RE.J. Boerner, 1991, Canopy disturbance patterns and
regeneration of Quercus speciesintwo Ohioold-growth forests, Vegetatio,
93:9-18.

CrunkiLTON, D.D., H.E. Garrerr, anp 8.G. Patvraroy. 1989. Growth of
nerthern red oak seedlings planted in a central Missouri clearcut and
shelterwood. P. 81-85 in Proc. Fifth southern silvicultural research
conference. USDA For. Serv. Gen. Tech. Rep. SO-74.

Dev,D.C., P.S. Jonnson, anp H.E. GARRETT. 1996. Modeling the regen-
eration of cak stands in the Missouri Ozark Highlands. Can. 1. For.
Res. 6:573-383.

Dey, D.C., anp W.C. PARKER. 1996. Regeneration of red oak (Quercus rubra
L.} using shelterwood systems: Ecophysielogy, silviculture and manage-
ment recommendations. For. Res. Info. Pap. 126. Sault Ste. Marie, ON:
Ontario Ministry of Natural Resources, Ont. For, Res, Inst. 59 p.

Dey, D.C., anp W.C. Parker. 1997a. Morphological indicators of stock
quality and field performance of red oak (Quercus rubra L.) seedlings
underplanted in a central Ontario shelterwood. New For. 14:145-156.

Dey, D.C., anp W.C. Parker. 1997b. Overstory density affects field perfor-
mance of underplanted red oak (Quercus rubra L.} in Ontario, North, I.
Appl. For. 14:120-125.

Dopce, S.L. 1997, Successional trends in a mixed oak forest on High
Mountain, New Jersey. J. Torr, Bot. Soc. 124:312-317.

Forest Maps OF THE UNITED STATES 1993 RPA ProGram. 1993, Southern For.
Exp. Stn., Forest Inventory and Analysis, P.O. Box 906, Starkville, MS
39759,

Graney, D.L., anp D.R. Bower. 1971, Site index curves for red and white
oaks in the Boston Mountains of Arkansas. USDA For. Serv. Res. Note
S0 80-12).4p.

Graney, D.L. 1977. Site index predictions for red caks and white caks in the
Boston Mountains of Arkansas. USDA For. Serv. Res. Pap. §0-139.9 p.

GRraNEY, D.L., anp T.L Rogerson. 1985, Growth of oak, ash and cherry
reproduction following overstory thinning of upland hardwaood stands in
the Boston Mountains of Arkansas. P. 4-10 in Proc. of the 5% Central
Hardwood Forest Conference, Dawson, J. O., and K. A, Majerus (eds.).
Dep. of For., University of Illinois, Urbana-Champaign.

GranEY, D.L., aNp P A. Murpay. 1997, Anevaluation of uneven-aged cutting
methods in even-aged hickory stands in the Boston Mountains of Arkan-
sas, P. 130-146 in Proc. of the 11" Central Hardwood Forest Conference,
Pallardy, $5.G., et al. (eds.). USDA For. Serv. Gen Tech. Rep. ND-188.

Goroon, AM., A, Smpson, aND P.A. WiLLtams. 1993, Shelterwood harvest-
ing and underplanting to enhance the northern red oak component of
shallow-site forests in central Ontario: 6-year results. P. 10 in Abstr. Fifth
workshop on seedling physiology and growth problems in cak plantings.
UUSDA For. Serv. Gen. Tech. Rep. NC-158. :

Hosmer, D.W., anp S. Lemesrow. 1989. Applied logistic regression. Wiley,
New York. 307 p.

Jomnson, P.5. 1984, Responses of planted northern red oak to three overstory
treatments. Can. I. For. Res. 14:536--342.

S16  Forest Science 48(3) 2002

Jounson, P.S. 1988. Undercutting alters roet morphology and improves
field performance of northern red oak. P. 316-323 in Proc. Tenth
North American Forest Biology workshop. Univ. British Columbia,
Vancouver, B.C.

Jonwson, P.S. 1989. Growing hardwood nursery stock for planting on forest
sites with special reference to northern red oaks. P. 46-62 I Proc.
Northeastern Area Nurserymens' conf., Illinois Division of Forest Re-
sources, Topeka, IL.

Jonnson, P.S. 1990. Undercutting influences root morphology and field
performance of northern red oak. P. 12 in Abstr., Fourth workshop on
seedling phystology and growth problems in oak plantings. USDA For.
Serv. Gen. Tech, Rep. NC-139.

Jonnsen, H.S., I.S. Berxesiig, anp G.R. Parxer. 1973, An ecological inven-
tory of Bryan Nature Preserve. Acad. Sci. 83:167-172.

Jounson, P.S., C.D. Dace, K.R. Davipson, anp LR, Law. 1986. Planting
northern red oak in the Missouri Ozarks: a prescription. North. J. Appl.
For. 3:66-68.

Jounson, P.S., 8.L. Novinger, anp W.G. Mares. 1984, Root, shoot and leaf
area growth potentials of northern red cak planting stock. For. Sei.
30:1017-1026.

Jounson, P.S., R.D. Jacoss, A.J. Marnin, anp E.D. Gopgr. 1989. Regenerat-
ing northern red oak: Three successful case histories. North. I. Appl. For.
6:174-178.

Jounson, P.S., anp R. Rocers. 1985, A methed for estimating the contribution
of planted hardwoods to future stocking. For. Sci. 3:883-891.

Kaczmarek, D.J., anp P.E. Pope. 1993, Covariate analysis of northern red oak
seedling growth. P. 351-356 in Proc, 7 Biennial South. Silvic. Res.
conf., Brissette, I.C. (ed.). USDA For, Serv. Gen. Tech. Rep. S0-93,

Kormanix, P.P., S-I. 8. Sung, D.J. Kass anp S, ScHLarBaum. 1998, Effect of
seedling size and first-order-lateral roots on earl{ development of north-
ern red oak on mesic sites. P. 247-252 in Proc. 9 Biennial South. Silvic.
Res. conf., Waldrop, T.A. (ed.). USDA Gen. Tech. Rep. SRS-20.

Larsen, D.R., M.A. METZGER, AND P.S. Jounson, 1997, Qak regeneration and
overstory density in the Missouri Ozarks, Can. J. For, Res, 27:869-875.

Lortis, D.L. 1990. A shelterwood method for regenerating red oak in the
southern Appalachians. For. Sci. 36:917-929,

Lormer, C.G. 1989. The oak regeneration problem: New evidence on causes
and possible solutions. For. Resour. Anat. No. 8, Publ. R3484. Dep, of
For., University of Wisconsin-Madison. 31 p.

Lormer, C.G, J.W. CHarman, anp W.D. LamBerT. 1994. Tall understorey
vegetation as a factor in the poor development of oak seedlings beneath
mature stands. J. Ecol, 82:227-237.

LoweLL, K.E., R.J. MitcheLL, P.S. Jounson, HE. Garrerr, anp G.S. Cox.
1987. Predicting growth and “Success” of coppice-regenerated oak
stems. For. Sei. 33:740-749,

Marquis, D.A. 1990, Black cherry. P. 594604 in Silvics of North America,
vol. 2, Hardwoods. USDA For. Serv. Agric. Handb. 654.

Martiv, A.C., HS. Zmiv, anp A L. NeELson. 1951, American wildlife and
plants. Dover Publ., New York. 500 p.

McGes, C.E. 1986. Loss of Quercus spp. dominance in an undisturbed old-
growth forest. I. Elisha Mitchell Sci, Sec. 102:10-15.

McSHea, WX, anp G. Scawepe. 1993. Variable acorn crops: Responses of
white-tailed deer and other mast consumers. J. Mam. 74:999-1006,

MegrriTT, C. 1980. The central region. P. 107-143 in Regional silvicuiture of
the United States, Bd. 2. Barrett, LW. (ed.). Wiley, New York.

Mureny, P.A., M.G. SueiTon, anp D.L. Graney, 1993, Group selec-
tion—problems and possibilities and the more shade-intolerant spe-
cies. P, 229-247 in Proc. of the 9th Central Hardwood For, Conf.,
Gillespie, AR, G.R. Parker, and P E. Pope (eds.). USDA For. Serv.
Gen. Tech. Rep. NC-161.

Nexon, C.M., M.W. McCLamy, anp R.W. Doxoros. 1975, Effects of hunting
and mast crops on a squirrel population. J. Witdl. Manage. 39:1-25.



Pore, P.E. 1993. A historical perspective of planting and seeding oaks:
Progress, problems and status. P. 224-240 in Proc. Oak regeneration:
Sericus problems, practical recommendations. USDA For. Serv. Gen.
Tech. Rep. SE-84.

Russerr, T.E. 1971, Seedling and planting uplandoaks., P.49-54 in Qak symp.
Proc. USDA For. Serv, Northeastern For. Exp. Sta.

Russewe, T.E. 1973. Survival and growth of bar-slit planted northemn red oak
studied in Tennessee. Tree Planters’ Notes 2469,

Russeit, T.E. 1979. Planting methods for black walnut on Cumbertand
Plateau sites. Tree Planters’ Notes 30:11-13.

Sanper, 1.L. 1983. Oak regeneration in the central states. P. 18-31 in Proc.
11" annual hardwood symp. of the Hardwood Research Council.

SawpER, EL., anp D.L. GRANEY. 1993, Regenerating oaks in the central states.
P. 174-183 in Proc. Oak regeneration: Seriows problems, practical
recommendations, USDA For. Serv. Gen. Tech. Rep. SE-84.

Scriesinger, R.C., LL. SanpEr, anp K.R. Davinson. 1993, Oak regeneration
potential increased by shelterwood treatments. North. J. Appl. For.
10:149-153.

SchuLTz, R.C, AND LR. THompson, 1997. Effect of density control and
undercutting on root morphology of 1+0 bareroot hardwood seedlings:
Five-year field performance of root-graded stock in the central USA. New
For. 13:301-314.

SroteLa, S.J., G.T. Weaver, P.A. RoBERTSON, AND W.C. AsHpy. 1992, Su gar
maple invasion of an old-growth cak-hickory forest in southwestern
linois. Am. Midl. Natur, 127:125-138.

Sy, DML, B.C. Larson, M.L. KeLty, anp P.M.S. Asaron. 1997, The
Practice of silviculture, applied forest ecology. Ed. 9, Wiley, New York,
560 p.

Seetice, MLA., a¥p G R. Parker. 1998, Distribution of biomass in an Indiana
old-growth forest from 1926 to 1992. Am. Midl. Natur, 139:90-107.

TecLaw, R M., anp J.G. Isepranps. 1993a. An artificial regeneration system
for establishing northern red oak on dry-mesic sites in the Lake States,
USA. Annales des Sciences Forestigres 50:543—552.

Tecraw, R.M., anp J.G. Isesranns. 1993b. Artificial regeneration of northern
ted cak in the Lake State with a light shelterwood: A departure from
tradition. P. 185-194 in Proc. of the 9th Central Hardwood For. Conf.,
Gillespie, A.R.,G. R. Parker, andP, E, Pope{eds.). USDA For. Serv. Gen.
Tech, Rep. NC-161.

Van Dersat, W R, 1940. Utilization of oaks by birds and mammals. . Wildi,
Manage. 4: 404428,

VimMeRsTEDT, J.P. 1965, Flowering dogwood (Cornus Florida £.). P. 162—
166 in Silvics of forest trees of the United States, Fowells, H.A. {comp.).
USDA Handb. 271, Washington, DC.

Waiger, D.R., anp P.S. JornsoN. 1998a. Planting white oak in the Missouri
Ozark Highlands: A shelterwood prescription. USDA For. Serv. Tech.
Brief TB-NC-5. 8 p,

WeiceL, D.R., anp P.3. Jornson. 1998b. Planting northern red oak in the
Missouri Ozark Highlands: A shelterwood prescription. USDA For.
Serv. Tech. Brief TB-NC-6. 8 p.

WeiceL, D.R., anp P.S. Jouwson. 2000. Planting red oak under oak/yellow-
poplar shelterwoods: a provisional prescription. USDA For. Serv. GTR
NC-210. 16 p.

WeweL, D.R., avp C.J. Peno. 2002 Predicting oak stump sprouting and
competitive success of five oak species in southern Indiana. Can. J. For.
Res, 32(4):703-712.

WEeNTWORTH, J.M., A.S. Jounson, anp P.E. HALE. 1990, Influence of acorn use
on nutritional status and reproduction of deer in the Southern Appala-
chians, Proc. of the Annual Conf. of the Southeast. Assoc. of Fish and
Wildlife Agencies. 44:142-154.

Zaczex, 1., K.C. Stamer, anp T.W. Bowersox. 1993, Performance of
northern red oak planting stock. North. J. Appl. For. 10:105-11t.

Zaczek, LI., K.C. Stemer, anp T.W. Bowersox. 1997 Norihern red oak
planting stock: f-year results, New For. 13:177-191.

Forest Science 48(3) 2002 517



